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1. INTRODUCTION

Plate anchors are being used more frequently in ocean construc-
tion. Plate anchors are identified by the way they are embedded into
the seafloor. Examples are propellant-embedded and vibratory-
embedded anchors. The Navy currently uses propellant-embedded
anchors. Their selection stems from three major advantages over con-
ventional anchors: (1) they can efficiently resist loads in any direc-
tion, including uplift loads; (2) they can be placed at specific points;
and (3) they offer a high holding capacity relative to their weight. A
disadvantage of plate anchors is that they offer reduced holding capa-
city once their ultimate capacity has been exceeded or significant move-
ment occurs. As a consequence, plate anchors must be designed to
limit upward movement by careful selection of design loads in accor-
dance with the types of loading expected during the anchor's life.

This report provides procedures for determining allowable design
loads for plate anchors under all types of static and dynamic loading
conditions in scdiment seafloors. The procedures presented are neces-
sarily simplified for broader user application. In doing so, certain soil
conditions and types have been excluded to prevent the procedure from
becoming overly conservative in other areas. Guidance in identifying
sites with these conditions is provided, and reference is made to
reports that provide additional procedures for analyzing these condi-
tions. Specific guidance is given and procedures are given for
propellant-embedded anchors.




1.1 BACKGROUND

Figure 1-1 illustrates several of the terms used in evaluating
anchor holding capacity. The depth of the anchor fluke embedded in
the seafloor is termed D, and the fluke width is called B. Infinite
strip, square, or circular flukes are generally assumed in model studies
or analyses. However, rectangular flukes can be evaluated by applying
a shape factor identical to that used by Skempton (1951) for rectangu-
lar footings.

"Deep anchor failure" defines a situation in which the sediment
surface is not affected when the anchor is loaded to failure. As the
anchor is displaced, the soil tends to flow from above to below the
anchor. "Shallow anchor failure" defines a situation in which the soil
surface is bulged when the anchor is loaded to failure As the anchor
is displaced, a soil plug over the anchor is pushed out of the sediment.
A term called the "relative depth of embedment" (D/B) is used to help
define shallow and deep anchor behavior. This term is a function of
soil type and strength, and determines which of these two modes of
failure will govern when an anchor is extracted. These failure modes
are illustrated in Figure 1-1.

| I . fluk
embedment o

width, B
depth, D

’ @ Shallow Anchor Failure
~ /’
—

b JpY

Deep Anchor Failure

Figure 1-1. Definition of terms.
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The equation used to predict anchor holding capacity (Vesic, 1969)
with inclusion of a shape factor term (Skempton, 1951) and patterned

after bearing capacity equations for footings is as follows:

F = A(c ﬁc + Y, D ﬁq)(o.sa + 0.16 B/L) (1.1)
where F = holding capacity
A = fluke area

= s0il cohesion

Vp < soil buoyant unit weight

D = fluke embedment depth

B = fluke width or diameter

L = fluke length or diameter
ﬁc’ ﬁq = holding capacity factors

This is a general equation that can be applied to a variety of embed-
ment, soil, and loading conditions.

The design of plate anchors can be separated into two general
loading conditions: static and dynamic. Static loading includes both
short-term loading and long-term loading. Dynamic loading includes
impulse loading, cyclic loading, and earthquake loading. Each can be
defined as follows:

e Short-Term Loading - An increasing load to failure, such that in

fine-grained soils drainage does not occur.

e Long-Term Loading - A fairly uniform static load of sufficient

duration that full drainage occurs in fine-grained soils.

e Impulse Loading - Nonrhythmic loads greater than the static

capacity, less than 10 minutes in duration for clays or less than
10 seconds in duration for sands.

e Cyclic Loading - A repetitive anchor loading with a double ampli-
tude magnitude greater than 5% of the static capacity.

*




e Earthquake Loading - A cyclic loading induced to the entire soil

mass by earthquake energy.

1.2 CEL PROPELLANT-EMBEDDED ANCHORS

The Navy's interest in plate anchors is concentrated on propellant-
embedded anchors of which four are available for use. Designated by
their nominal holding capacity in kips, they are the 10K, 20K, 100K,
and 300K propellant-embedded anchors. Specific guidance concerning
these anchors is given in this report. The anchors appear and func-
tion similarly. Figure 1-2 shows the CEL 20K propellant-embedded
anchor, and a functional sequence is shown in Figure 1-3. On contact-
ing the seafloor, the touchdown probe triggers the safe/arm device
which in turn initiates the propellant contained in the gun barrel. The
propellant burn expels the fluke from the anchor at high velocity, while
reaction is provided by the gun barrel and reaction vessel. The fluke
then penetrates the seafloor, dragging successive loops of downhaul
cable behind it. The fluke penetrates a distance, Dp, in an edge-on
orientation to the seafloor and is keyed (see Figure 1-3) to present a
large area bearing against the sediments to resist pullout.

1.3 RELATED REPORTS

This handbook-style report is based on a number of reports that
provide more specific detail on the various subjects of the procedure
presented herein. There are also associated reports on anchor hard-

ware, penetration, and site survey that provide additional details.

1.3.1 Anchor Holding Capacity

Beard, R. M. (1979). Long-term holding capacity of statically loaded
anchors in cohesive soils, Civil Engineering Laboratory, Technical Note
N-1545. Port Hueneme, Calif., Jan 1979.
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1.3.4 Anchor Siting and Verification

Malloy, R. J., and P. J. Valent (1978). Acoustic siting and verifica~
tion of the holding capacity of embedment anchors, Civil Engineering
Laboratory, Technical Note N-1523. Port Hueneme, Calif., Jul 1978.

1.3.5 Anchors

Babineau, P. H., and R. J. Taylor (1976). CEL 10K propellant-
actuated anchor operations manual, Civil Engineering Laboratory,
Technical Memorandum M-42-76-3. Port Hueneme, Calif., Apr 1976.

Babineau, P. H., and D. G. True (1978). CEL 100K deep water
propellant-actuated embedment anchor system operations manual, Civil
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Beard, R. M. (1973). Direct embedment vibratory anchor, Naval Civil
Engineering Laboratory, Technical Report R-791. Port Hueneme,
Calif., Jun 1973.

Naval Facilities Engineering Command (1979a). 20K propellant-embedded
marine anchor, Technical Manual P~3-20K (preliminary). Washington,
D.C., Jul 1979. (FOUO)

Naval Facilities Engineering Command (1979b). 300K propellant-
embedded marine anchor, Technical Manual P-3-300K (preliminary).
Washington, D.C. (FOUO)

Taylor, R. J. (1976). CEL 20K propellant-actuated anchor, Civil Engi-
neering Laboratory, Technical Report R-837. Port Hueneme, Calif.,
Mar 1976.

Taylor, R. J., D. Jones, and R. M. Beard (1975). Handbook for
uplift-resisting anchors, Civil Engineering Laboratory. Port Hueneme,
Calif., Sep 1975.
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actuated anchor, Civil Engineering Laboratory, Technical Note N-1441.
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1.3.6 Sediments

Demars, K. R., and R. J. Taylor (1971). Naval seafloor sampling and
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tests on partially disturbed cores, Naval Civil Engineering Laboratory,
Technical Note N-1295. Port Hueneme, Calif., Aug 1973.

Lee, H. J. (1973b). "Leg 19 - Measurement and estimates of engineer-
ing and other physical properties," Initial Reports of the Deep Sea
Drilling Project, Volume 19. Washington, D.C., 1973.

Lee, H. J. (1973c). Engineering properties of some North Pacific and
Bering Sea soils, Naval Civil Engineering Laboratory, Technical Note
N-1283. Port Hueneme, Calif., Aug 1973.

Lee, H. J. (1973d). Engineering properties of a pelagic clay, Naval
Civil Engineering Laboratory, Technical Note N-1296. Port Hueneme,
Calif., Aug 1973.

Lee, H. J. (1976). DOSIST II - An investigation of the in-place
strength behavior of marine sediments, Civil Engineering Laboratory,

Technical Note N-1438. Port Hueneme, Calif., Jun 1976.

Lee, H. J. (1978). Physical properties of biogenous sediments from the

eastern equatorial Pacific Ocean, Civil Engineering Laboratory,
Technical Memorandum M-42-78-4. Port Hueneme, Calif., Feb 1978.




Rocker, K. (1974). "Vane shear strength measurements on Leg 27
sediment,"”" Initial Reports of the Deep Sea Drilling Project, Volume 27.
Washington, D.C., 1974.

Valent, P. J. (1974). Short-term engineering behavior of a deep-sea
calcareous sediment, Civil Engineering Laboratory, Technical Ncute
N-1334. Port Hueneme, Calif., Mar 1974.

1.4 GUIDE TO THIS DOCUMENT

This report covers a broad range of topics dealing with the hold-
ing capacity of plate anchors. As an aid to the user, Figure 1-4
presents the steps necessary to determine the applicable holding capa-
city of an anchorage. The items in Figure 1-4 are referenced to appro-
priate sections of the report. Briefly these sections are:

e Section 2, SITE SURVEY, provides recommended site surveys
and typical properties.

e Section 3, PENETRATION, presents methods for estimating pene-

tration in cohesive and cohesionless soils.

e Section 4, FLUKE KEYING, discusses fluke keying distances in

cohesive and cohesionless soils.

e Section 5, STATIC HOLDING CAPACITY, presents methods for
calculating holding capacity under short-term and long-term

static loading.

e Section 6, DYNAMIC HOLDING CAPACITY, presents methods for
estimating holding capacity under impulse, cyclic, and earth-
quake loading.
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2. SITE SURVEY

This section lists required site data for designing plate anchors
and presents recommended site surveys, gives typical properties to be
used when site surveys are limited or cannot be conducted, and lists
hazardous/unusual conditions that create additional problems for the

designer.

+ 2.1 SITE-SURVEY REQUIREMENTS

Data requirements differ according to the type of analysis and soil
expected. A matrix of site data and analysis types is given in
Table 2-1. To use Table 2-1, find the analysis type column and look
down that column for the soil type (1 indicating cohesive soil, and 2
indicating cohesionless soil). Each time the proper soil type is encoun-
tered, look to the left-hand column to find the soil data requirement.
For example, short-term static loading in a cohesionless soil requires
data on the friction angle (¢), density, and grain size distribution. In
general, the variation of the properties with depth is required. Brief

comments about the data requirements are as follows:

(a) Soil Strength - For cohesive soils the undrained shear
strength, sensitivity, and the drained friction angle should
be known. For cohesionless soils the friction angle is

required.

(b) Soil Density - Required for both cohesive and cohesionless
soils. For cohesionless soils, a descriptive relative density
(loose, medium dense, dense) is required for liquefaction

analysis.

13 FHECEDLNG PAGE BLANK-NOT F1LIED
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Tahle 2-1. Required Site Data Versus Type of Analysis
Type of S0il? Under --
Static Dynamic Loadin
Soil Data Penetration Loading y 8 |
Short- | Long- R
Term | Term lmpulse | Cyclic | Earthquake
Strength
5, 1 2
St 1 1
¢ 2 2 1,2
c 1
Density 1,2 2 1,2 2 2
Plasticity 1
Grain size 1,2 1,2 1,2 1,2 1,2 1,2
Permeability 1,2
Origin 1,2 ';
Depth to rock 1,2
o= cohesive !
2 = cohesionless
(¢) Soil Plasticity - Plastic Index (Pl) should be determined from .
laboratory tests. |
|
(d) Soil Grain Size Classification - Classification by grain size i
and plasticity between cohesive and cohesionless 1s manda-
tory. Classification by the Unified Soil Classification System
is preferable.
(e) Permeability - Required when cyclic load capacity is to be
determined.
(f) Soil Origin - Deep ocean soils should be classified by origin
on the basis of dry weight percentage that is biogenic (cal-
careous or siliceous).
(g) Depth to Rock - Required to determine adequacy of soil

cover.

14
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A variety of tools can be used to acquire these data. They include

sub-bottom profilers, dynamic penetrometers,

and drilling.

corers, grab samplers,

static cone penetrometers, in-situ vane shear devices,

Record data are another means for gathering site data.

2.2 RECOMMENDED SITE SURVEY

The type of site survey that can be conducted to gather the
required data is primarily a function of time and money. For some
projects perhaps a full suite of data can be gathered, while for other
projects a review of record data is all that is possible. The recom-

mended surveys hopefully strike a balance between these two extremes.

2.2.1 Deep Water

Record data should be searched to determine as much as possible
about the site or surrounding area. The site evaluation should be
performed sufficiently close to the expected anchor installation location
to provide reliable information and samples of the soils to be encoun-
tered. Table 2-2 gives approximate survey depth requirements for each

of the four CEL propellant-embedded anchors for several general soil

types.

Table 2-2. Approximate Survey Depth Requirements
for CEL Propellant-Embedded Anchors
Survey Depth, m (ft) for --
Soil Type 10K 20K 100K 300K
Anchor Anchor Anchor Anchor
—— i e - — el 4 _— e

Soft clay 9 (30) 12 (40) 15 (50) 20 (65)
Medium clay 6 (20) 9 (30) 12 (40) 15 (50)
Loose sand S (15) 6 (20) 8 (25) 9 (30)
Dense sand 3 (10) 5 (15) 1 6 (20) 8 (25)




(a) Sub-bottom profile (3.5-kHz acoustic source) to locate bed-

(b)

rock, sediment, and layering, and to assess areal uniformity.

A relatively undisturbed core sample at least as long as the
expected depth of anchor penetration to make measurements of
undrained shear strength and sensitivity (with a minivane),
density, plasticity, grain size, and origin. For most soft
cohesive soils, the friction angle can be estimated as
35 degrees (from CEL experience) as static short-term capa-
city will govern over static long-term capacity. For excep-
tions, measure the friction angle and the cohesion of the soil
with triaxial tests at the depth of interest. When a long core
is not available, analyze a sample of the upper 6 to 8 feet of
soil as suggested for a longer core, then extrapolate the data
and compare the extrapolation to undrained shear strength
data from a Doppler penetrometer or similar device providing
comparable data and depths of penetration.

There will be few cases where cohesionless sediments will be found

in deep water. The recommended survey for these cases would have

begun with a search of record data followed by:

(a)

(b)

(c)

Sub-bottom profiling to locate bedrock and layering and

assess areal uniformity.

A Doppler penetrometer test to judge the relative soil
strength.

A sample of even limited depth for grain size and origin
determination.

Determining the friction angle will be difficult, as representative

samples cannot be obtained and the penetrometer test will not provide

it. However, safe estimates of the friction angle and the submerged

density can be made using Table 2-3.

16




Table 2-3. Estimated Values for Cohesionless Soil Properties

. L Friction Angle, ¢ Buoyant Unit Weight,
Soil Description (deg) kg/m3 (1b/ft?)
Sandy silt 20 880 (55)

Silty sand 25 880 (55)
Uniform sand 30 880 (55)
Well-graded sand 35 960 (60)

2.2.2 Shallow Water

At shallow water sites, it may be less expensive and technically
preferable to use adaptations of terrestrial survey techniques that
provide data similar to those recommended for deep water surveys. In
shallow water sites, cohesionless soils will be more common, and the use
of the Standard Penetration Test will allow the determination of the
friction angle. When adaptations of terrestrial survey techniques
cannot be used, it is recommended that a shallow water survey follow
along the lines of the recommended deep water survey.

2.3 RECOMMENDED PROCEDURES WHEN SITE SURVEY IS LIMITED

Because the seafloor is primarily a depositional rather than an
erosional environment, more uniformity of sediments and sediment
properties can be found there than would be found on land. Properties
based on known environmental conditions can often be estimated accu-
rately enough for site selection and preliminary design. Even in more
complex areas where a site survey is definitely required, an estimate of
properties to be encountered will aid in designing the survey and
influencing initial thinking about the facility. Lee and Clausner (1979)
have procedures for estimating the necessary properties, and those
procedures are presented herein.

17




To estimate properties with some reliability, the designer must
know some marine sedimentology. Fortunately, the basic concepts are
simple. First, one must determine whether the sediments are land-
derived (terrigenous) or ocean-derived (pelagic). Figure 2-1 gives an
overall view of the ocean sediment distribution throughout the world.

2.3.1 Near-Shore Areas

One may assume that all continental shelves and slopes are ter-
rigenous; also, virtually all seafloor features labeled "abyssal plains"
have basically terrigenous components.* In a few areas of the world
(North Atlantic or the far Northwest Pacific), other significant terrige-
nous deposits may well be found beyond the continental slope as a
result of being downwind from major deserts. An engineer working in
these areas should consult an expert from a nearby oceanographic
institution for local information, the literature of marine geology, and L
ocean engineering research institutions, such as the Civil Engineering
Laboratory. This consultation should be for all areas and for all initial

searches by ocean engineers with little background in geotechnology.

2.3.2 Deep Ocean Areas

The sediments of the deep ocean basins far from land are deter-
mined by two factors: (1) sea surface biological productivity and
(2) dissolution of calcium carbonate. Where productivity is high (such
as the northern Pacific near the Aleutians, equatorial Pacific, and the
region surrounding Antarctica), one finds siliceous ooze. a scdiment
composed of the remains of organisms whose hard paris are opaline
silica. In those areas where calcium carbonate dissolution is less than
the carbonate supply, calcareous ooze (a sedimen compnsed of the
remains of organisms whose hard parts are calcium carbonate) may bhe
found. At water depths shallower than the calcite compcusation depth

(CCD), calcareous sediments are almest always found. The sediment is

defined as a calcareous ooze if its caleium carbonate «ontent is more
*These were probably broughi down by turbidity ecuriorns
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than 30%; i.e., if it is not significantly diluted by terrigenous or
siliceous materials. Generally, dilution by other materials is significant
only near shore; on abyssal plains; and in the high productivity,
siliceous ooze areas. The CCD has been mapped on a worldwide basis
and is shown in Figure 2-2; one can determine whether calcareous ooze
may be found by comparing the actual water depth with the CCD.
Calcareous ooze typically becomes more coarse as water depth decreases
(Figure 2-3). The equatorial Pacific typically has alternating bands of
siliceous and calcareous ooze. Where biogenic (calcareous and siliceous)
oozes are not found, one finds pelagic clay, an extremely slowly sedi-
mented material composed primarily of wind-blown dust.

2.3.3 Terrigenous Sediments

Terrigenous sediments are the most complex and varied of the
sediment types. The typical terrigenous material is probably a slightly
plastic clayey silt; however, vast sand beds and some plastic clay
deposits also exist. Layered deposits of sand, silt, and clay are
common. Sedimentation rules are difficult to define. In a stable envi-
ronment, grain size would decrease with distance from shore; however,
since dynamic processes are always active, this often does not occur.
If the sea level is rising (e.g., off the east coast of the United
States), one can almost assume that grain size will become finer near
shore. For any particular location, an expert is probably available to
estimate the types of sediments that can be expected. The charts of
the National Ocean Survey* also provide estimates of sediment type,
although some of the classifications do not relate very well to engineer-
ing application (e.g., "brown mud"). However, the split between sand
and clay or silt ("mud") appears reliable.

Sediment classification on the basis of grain size or origin may not
be adequate for engineering application. The design engineer should
also know something about the state of the sediment. For cohesive
sediments, threc terms are important: (1) overconsolidated., (2) nor-
mally consolidated, and (3) underconsolidated.

*Formerly U1.S  Coast and Gecdetic Survey, U S0 Department of
Commerce.
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Figure 2-3. Mean grain size of carbonate sediment
samples versus depth of deposition
(from Johnson, Hamilton, and Berger, 1977).

Normally consolidated sediments are the rule in the deep ocean;

there are materials that have never been loaded by overlying material

more than they are now. Overconsolidated sediments have had a

greater load (overburden) in the past and have since lost it by chemi-

cal processes or mechanical erosion. Underconsolidated sediments are

young and have not come to equilibrium with the weight of overlying
material.

If one assumes all deep ocean sediments to be normally consoli-
dated, one will usually be correct and conservative. A few important
exceptions do exist, but these need not concern the engineer unless
finding an unusually strong (overconsolidated) sediment would lead to a
less conservative design.

Much of the near shore is overconsolidated. Since this is usually
a desirable situation and since it is so common, it would be valuable to
find overconsolidated locations and determine their overconsolidation
level.®* There are no fast rules for locating overconsolidated sediments
except that exposed locations (tops of rises, passages) are more likely
to be overconsolidated than are protected locations (bssins)

*QOverconsolidation ratio (OCR).
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Underconsolidated sediments are almost always found in active
river deltas such as that of the Mississippi River. If deposition is fast
enough, there may be almost no buildup of strength with subbottom
depth. If one is operating near the mouth of a river, such as the
Mississippi, Amazon, or Nile, one should be prepared for unusually
weak sediments and never rely on typical property profiles. Other
areas of underconsolidated sediments include embayments that exhibit

high depositional characteristics with low water velocity.

2.3.4 Sediment Property Selection

With this brief background as a basis, it is recommended that the
designer use the following procedure for selecting typical sediment

strength, density, and sensitivity data.

(1) If the site is on the continental shelf or slope, the sediment
is assumed terrigenous. Available National Ocean Survey
charts are consulted to determine whether the sediment is
primarily sandy or cohesive ("mud"). If the sediment is
cohesive, Figure 2-4, which gives a lower bound for the
strength distribution for a normally consolidated sediment, is
referred to. A search for strong indications of overconsolida-
tion is made: recorded outcrops of older sediments, exposed
location (rise top, high recorded bottom currents). If suffi-
cient evidence exists to suspect overconsolidated soils, it
would be prudent to drop some penetrometers or short
gravity corers. However, the engineer should be aware that
both of these devices will not penetrate deeply into highly
overconsolidated sediment. Nonpenetration or slight penetra-
tion with attainment of minimal sample length can add cre-
dence to the suspicion that overconsolidated sediment does
indeed exist. Typical sand properties are given in
Figure 2-5. If the location is near a large active river delta,

the site must be surveyed directly.
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Figure 2-4. Typical strength profile for hemipelagic, terrigenous silty clay
(from Lee and Clausner, 1979).
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Figure 2-5. Typical strength profiles for turbidites (from Lee and Clausner, 1979).
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If the site is in the deep ocean and not on an abyssal plain,
it must be determined whether its water depth lies above or
below the CCD (Figure 2-2).

(a) If above the CCD, the sediment is probably calcareous
ooze. Figure 2-6 gives the typical properties; it should
be noted that a further subdivision between coarse and
fine ooze is made at the 3,000-meter (10,000-foot) level.

(b) If the site is below the CCD, the sediment is probably
pelagic clay. Figure 2-7 shows the typical properties.

If the location is identified on physiographic province charts
as an abyssal plain, the typical properties (classed as turbi-
dite) shown in Figure 2-5 are assumed. A split is made
between proximal and distal turbidites. The distance from a
source of sand (the shore or perhaps the edge of the con-
tinental shelf) distinguishes the two: if the distance is
greater than about 50 km (30 miles), the sediment is probably
a distal turbidite.

If the location is classed as a siliceous ooze (diatom or radio-
larian ooze, Figure 2-1), the typical properties can be found

in Figure 2-8.

Whenever possible, recognized experts should be consulted as
they can provide information that is difficult to glean from
the open literature. Many parts of the seafloor have been
mapped for sediment distributions, and much more detailed
information than can be given in this discussion may be
available. In addition, many core sample descriptions are
available. Sources for experts, maps, and core descriptions
include:

Lamont-Doherty Geological Observatory of
Columbia University
Palisades, NY 10964
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Figure 2-6. Tyipcal strength profiles for calcareous ooze (from Lee and Clausner, 1979).
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Figure 2-7. Typical strength profiles for pelagic clay (from Lee and Clausner, 1979). ;
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Figure 2-8, Typical strength profile for siliceous ooze (from Lee and Clausner, 1979).

National Geophysical and Solar-Terrestrial
Data Center

Environmental Data Service

National Oceanic and Atmospheric
Administration

Boulder, CO 80302

Chief of Operations Division
National Ocean Survey, NOAA
1801 Fairview Avenue, East
Seattle, WA 98102
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Chief of Operations Division
National Ocean Survey, NOAA
1439 W. York Street

Norfolk, VA 23510

Naval Oceanographic Office

Code 3100

National Space Technology Laboratories
NSTL Station, MS 39522

Scripps Institution of Oceanography
La Jolla, CA 92093

Chief Atlantic Branch of Marine Geology
United States Geological Survey

Bldg 13

Quissett Campus

Woods Hole, MA 02543

Chief Pacific Arctic Branch of Marine
Geology

United States Geological Survey

345 Middle Road

Menlo Park, CA 94025

Woods Hole Oceanographic Institution
Woods Hole, MA 02543

2.4 HAZARDOUS/UNUSUAL CONDITIONS

The procedures presented herein assume the use of ordinary
conditions to achieve a degree of simplicity. When conditions are out of
the range for the assumed conditions, caution is necessary. These
cases are termed hazardous/unusual. Satisfactory designs are still
possible, but they require reference to the more detailed procedures
given in the references listed in Section 1.3. A hazardous/unusual

condition exists when any of the following are true.

(a) Bedrock or rock pieces larger than gravel size present at
depths less than fluke penetration.

(b) Soil type changes significantly or there are major layers of
different soil types.
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(c)
(d)
(e)

()

(g)

Deep ocean siliceous ooze (>30% biogenic and siliceous).
Clean calcareous ooze (>60% biogenic and calcareous).
Sensitivity >6 in a cohesive soil.

Cohesive soil strength profile that varies by more than -50%
or +100% from the typical profiles presented.

Site slopes greater than 10 degrees.
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3. PENETRATION

Penetration of propellant-embedded anchor flukes is a complex
phenomena that has received much research attention. True (1976) has
developed an analytical model for penetration prediction for high

velocity penetrators based on a form of Newton's second law

. dv _ -
Mvdz—wb+F1+F2+F3 (3-1)

where M' = penetrator effective mass

= penetrator velocity

(=9
1l

differential operator

z = depth

= buoyant weight of penetrator
= 1inertial drag force

= bearing component force

2 e e I
w N = T

= side adhesion force

3.1 COHESIVE SOILS

True developed a solution to Equation 3-1 for cohesive soils by
conducting a number of model and field penetration tests. The solution
is not closed form; thus, an incremental technique is necessary to solve
it. A rigorous solution would consider different values of many of the
parameters over the length of the penetrator and is suited for a com-
puter. Such a solution is beyond the scope of this report. However,
because anchor flukes usually penetrate a minimum of five times their
length, many simplifications are possible by assuming the penetrator is
a point object at the ith depth increment. With a two-sided finite
1’ Fz. F3, and

Wb per True (1975, 1976, and 1977), Equation 3-1 becomes

difference form and substitution of parameters for M', F

33
FRECEDING PAGE BLAMK~NOT F1.MID




Yier T Viel TV : gzpi 1)) {[w -V Yi] ) [% "12 Ae Cp pi]
- s [A N + % 6*} S (3-2)
ui| f ¢ Sti 1+ 1
v/Cé v,
— + 0.06
ui
where i = subscript to indicate the it'h increment of depth
M = penetrator mass
p; = mass density of penetrated medium
V = volume of penetrator
W = penetrator weight
Y, = unit weight of penetrated medium
Af = penetrator frontal area
CD = inertial drag coefficient
Sui T soil undrained shear strength
Nc = bearing capacity factor
A = side area of penetrator
6% = side adhesion factor
Sti = soil sensitivity
t = penetrator thickness
Se* = empirical maximum soil strain rate factor
Cé = empirical soil strain rate factor

Sufficient accuracy is obtained when about 10 increments of depth

are used to arrive at a velocity less than zero. To begin the iterative

procedure set i = 1 and Vi = VY and solve Equation 3-2 for vy Then
re-evaluate v, as
v, t v
- 0 2 -
v, = 7 (3-3)

and solve Equation 3-2 again for i = 1 using this new value for vy
Continue to iterate for i =2, 3, ... unti Visl € 0. The depth of

embedment, Dp, can then be determined from
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Figure 3-1. Side adhesion coefficient as a function of length-to-thickness
or diameter ratio.

Dp = i(Az) (3-4)

True (1977) recommends a value of 0.7 for CD and that Se* be
taken as 4, and that Cé be 20 N-sec/m2 (4 lb-sec/ft2). Values for &%
are given in Figure 3-1 as a plot of 6% versus length-to-thickness or
diameter ratio. The values for 6% can also be calculated from the
formula
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[ S (_L___ 1>]
1+35[1-e 3.5 \4 t tan o

L
4 t tan «

6 = 1 - (3-5)

where L penetrator length

1/2 angle of the penetrator tip

A tabulation of penetration depth is provided in Table 3-1 for each
CEL propellant-embedded anchor for each typical soil profile given in
Section 2. The calculations assumed a clay fluke and the gun operated
at peak efficiency.

Table 3-1. Penetration Calculations for the Clay Flukes of
Each CEL Propellant-Embedded Anchor at Peak
Performance for the Typical Profiles Given in

Section 2
i .
Anchor Penetration, m (ft) for --
Soil Type
300K 100K 20K 10K
Soft basin soil 19.5 (64) | 15.9 (52) | 10.7 (35) 7.6 (25)

Distal turbidite 17.4 (57) | 13.1 (43) | 8.2 (27)| 5.8 (19)
(low)

Distal turbidite ‘
(hien) 14.9 (49) | 11.9 (39) | 7.9 (26) | 5.8 (19)

Proximal turbidite 12.5 (41) | 10.1 (33) 7.0 (23) 5.2 (17)
Calcareous ooze

(deep water) 22 (72) | 18.3 (60) | 11.9 (39) | 8.2 (27)

Course calcareous ooze | 14 » (¢4y | 16.5 (54) 10.7 (35) | 7.6 (25)
(low) : |

Course calcareous ooze ‘

(high) 15.2 (50) { 12.8 (42) : 8.2 (27) 5.8 (19)
Siliceous ooze 24.1 (79) | 19.8 (65) ' 13.1 (43) ° 9.2 (30)
o ‘ j

elagic clay | :

(low) 24.7 (81) [ 20.7 (68) 14.3 (47)1 16.1 (33)

Pelagic clay

(high) 19.2 (63) | 15.9 (52)  11.3 (37)\ 8.2 (27)&

SIS S VIR P — l i o




3.2 COHESIONLESS SOILS

Procedures for predicting fluke penetration in cohesionless soils
are not well advanced. Predictions have been made using modified
versions of True's method (involving the undrained shear strength of
the soil), but the procedures are undocumented and unverified. In
view of this lack of an analytical method, penetrations must be esti-
mated from previous data. Fortunately, the performance of the CEL
propellant-embedded anchors in sand is very good, and conservative
estimates of penetration will yield holding capacity estimates well above
the nominal capacities of the anchors and yet conservative with respect
to the available anchor performance data. Penetration estimates based
on the experience of the Civil Engineering Laboratory are provided in
Table 3-2. An assumption is made that full design charges are used in
the anchors. These estimates are recommended for use in predicting
anchor performance in the absence of actual installation experience at

any given site.

Table 3-2. Propellant-Embedded Anchor Penetration Depth (D )
Estimates (to Fluke Tip) in Cohesionless Soils

Anchor Penetration, m (ft) in --
Anchor Medium
Loosg Dens Densg
Sand S ﬁ Sand
and

CEL 10K
sand/coral fluke 3.8 (12.5) 3.4 (11) 3.1 (10)
CEL 20K
sand/coral fluke 5.2 (17) 4.9 (16) 4.6 (15)
CEL 100K
sand/coral fluke 7.6 (25) 7.0 (23) 6.4 (21)
CEL 300K
universal fluke 9.2 (30) 8.2 (27) 7.6 (25)

2% = 30 degrees; Y, = 1,760 kg/m® (110 1b/£t3)
b = 1,920 kg/m? (120 1b/ft3)

¢ = 35 degrees; Y,
2,080 kg/m3 (130 1b/ft3)

C¢ = 40 degrees; Ye
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4. FLUKE KEYING

Fluke keying is the process of turning the fluke from the edge-on
orientation of penetration to an orientation that presents a large area to
resist pullout. During keying, fluke embedment depth is reduced.
Therefore, holding capacity is calculated at this reduced depth, the
embedment depth of the fluke. The embedment depth is arrived at by
subtracting the fluke keying distance from the penetration depth.

It is generally thought that the breakout load must be applied to
achieve full keying. However, it is not necessary to fully key the '
anchor/fluke for it to perform properly. In-service loads that exceed
the keying load applied at installation will achieve additional Kkeying.

In cohesive soils there may be an influence of time on Kkeying
distance. Rocker (1977) showed that in a clay with a sensitivity of 2
to 3, waiting about 1 hour after embedment improved the keying dis-
tance to two fluke lengths compared to three to four fluke lengths after
waiting only 1/4 hour. Since Rocker's study, improvements have been
made in the fluke design to shorten keying distance. With the
improved flukes, CEL field tests in a soft clay of similar sensitivity
showed the flukes keyed in two fluke lengths or less with less than 1/4
hour wait after embedment (Clausner, 1978). In view of this recent
data, fluke keying distance in cohesive soils can be taken as two fluke
lengths.

For cohesive soil, the embedment depth is estimated from:

D = D -21 (4-1)

For cohesionless soils, the embedment depth is estimated from:

D = D -151L 4-2
b (6-2)
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5. STATIC HOLDING CAPACITY

5.1 SHORT-TERM STATIC LOADING

Short-term static holding capacity is defined as the load required

to cause anchor breakout when the anchor is loaded rapidly to failure.

For cohesive soil, the rapid loading does not allow drainage, and the

capacity is governed by a soil's undrained shear strength. In cohe-

sionless soil, drainage occurs even though the soil is loaded rapidly,

and the capacity is governed by a soil's friction angle. 1
For short-term static holding capacity use a factor of safety

between 2 and 3, depending on the nature of the anchorage and the

reliability with which the soil parameters have been determined.
5.1.1 Cohesive Soil

For short-term holding capacity in cohesive soils Equation 1-1

reduces to:

F, = AN_s £(0.84 + 0.16 B/L) (5-1)
where Fst = short-term static holding capacity

A = projected fluke area

f = correction factor to account for soil disturbance

s, = soil undrained shear strength
ﬁc = short-term holding capacity factor in cohesive soil

B = fluke width or diameter

L = fluke length or diameter
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Figure 5-1. Short-term holding capacity factors for cohesive soils (from Beard, 1979).

The soil cohesion, c¢, of Equation 1-1 becomes the undrained shear
strength, Sy’ for this type of loading. The values of ﬁc are given in
Figure 5-1 as a function of relative fluke embedment depth, D/B. The
values of f have been recommended by Valent (1978) as 0.8 for terrige-
nous clayey-silts and silty-clays, 0.7 for pelagic clays, and 0.25 for
calcareous ooze. This factor accounts for soil disturbance from rluke
penetration and keying. The validity of f = 0.25 for calcareous ooze is
in doubt, as it suggests a factor of 4 loss of soil strength. However,
until data supporting a higher value are available, its use is recom-

mended. A, B, and L are anchor fluke parameters.
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5.1.2 Cohesionless Soil

For cohesionless soil (¢ = 0), the short-term static holding capa-

city can be calculated using Equation 1-1 in this form:

F, = AyD ﬁq(o.zm + 0.16 B/L) (5-2)
where Fst = short-term static holding capacity
A = projected fluke area
Y = buoyant unit soil weight
D = depth of fluke embedment
ﬁq = holding capacity factors for drained or frictional

condition
= fluke width or diameter

= fluke length or diameter

The values to use for ﬁq are given as a function of relative embedment
depth, D/B, and soil friction angle, ¢, in Figure 5-2. A, B, and L
are anchor fluke parameters. D is the depth from the soil surface to
the anchor fluke. The soil parameters should be selected in accordance
with the procedures provided in Chapter 2.

5.2 LONG-TERM STATIC LOADING

Long-term static holding capacity is the largest load an anchor
fluke can sustain for a long period of time. Loading a fluke stresses
the soil and, thereby, generates excess porewater pressure. The
long-term condition is reached when the excess porewater pressure has
dissipated. The time for this to occur in a particular soil is a function
of the soil's permeability and other characteristics. In cohesionless
materials, this drainage occurs almost immediately, and no distinction is

made between long-term and short-term holding capacity. In cohesive
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Figure 5-2. Holding capacity factors for cohesionless soils
(from Beard, 1979).

soils, an extended period of time is required to obtain a similar condi-

tion. When the condition is reached, drainage is complete, and anchor

capacity is governed by a cohesive soil's drained strength parameters.

Those parameters are the friction angle, ¢, and the cohesion intercept,

c'

For long-term static holding capacity,

use a factor of safety of

between 2 and 3, depending on the nature of the anchorage and the

reliability with which the soil parameters have been determined.

5.2.1 Cohesive Soil

For cohesive soils, Equation 1-1 is used directly.

F = A(c'

2t

N.+ ¥, DN )(0.84 +0.16 B/L)

(5-3)




where th = long-term static holding capacity

A = projected fluke area

B = fluke width or diameter

L = fluke length or diameter

¢' = so0il cohesion intercept

Y = soil buoyant unit weight

D = fluke depth below soil surface
ﬁé = long-term holding capacity factor in cohesive soil
ﬁq = holding capacity factor for drained or frictional

condition

The prediction of long-term holding capacity is based on the principle
that the behavior of cohesive and cohesionless soils is basically the
same. Hence, in cohesive soils with full drainage, the effective stress
principle can be applied using the drained strength parameters ¢ and
c'. The Fﬁ's (Figure 5-3) to be applied to the cohesion are different
than the N c's applied to the undrained shear strength when predicting
short-term holding capacity. For short-term loading, the holding
capacity factors include the effect of suction below the anchor fluke.
The factors to be used here do not include it, because, for long-term
use, suction below the anchor is dissipated. The values of ﬁq are
presented in Figure 5-2 and are the same as those for analyzing short-
term loading in cohesionless soils.

When the soil is loose (soft), the shear failure of the soil is dif-
ferent than when the soil is firm. To account for this Qqifference,
drained strength parameters, ¢ and c', should be reduced by one-third
before selecting holding capacity factors as is done in bearing capacity
analyses. For ¢, the reduction is applied to the tangent of ¢, and then
a revised ¢ is obtained by determining the arc tangent of the result.
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long-term loading (from Beard, 1979).

5.2.2 Cohesionless Soils

No distinction is made between short-term and long-term loading in
cohesionless soils. Therefore, to estimate long-term capacity in cohe-

sionless soils, use Equation 5-2.
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6. DYNAMIC HOLDING.CAPACITY

\

6.1 IMPULSE LOADING

Impulse loads for cohesive soils are defined as loads greater than
the short-term capacity having a duration of less than 10 minutes.
Impulse loads for cohesionless soils are defined as loads greater than
the short-term capacity having a duration of less than 10 seconds. The
same basic procedure used for determining short-term static holding
capacity is followed for estimating anchor holding capacity under impul-
sive loading. The procedures that follow are appropriate for use with
circular, square, or near square (2/d = 2) anchor flukes only. Most
flukes in use meet this criterion. The procedures, developed by
Douglas (1978), consist of applying various influence factors to the
basic equations. These factors have been chosen to yield conservative
results, even for the worst conditions. No additional factors of safety
are required beyond those recommended for short-term static holding

capacity .
6.1.1 Cohesive Soil

To determine the impulse holding capacity of an anchor embedded
in cohesive soil, the short-term static holding capacity must be deter-
mined first. The short-term static capacity is adjusted by the equa-

tion:

FI = Fst I Rc RI If (6-1)
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R —
where FI = 1impulse loading holding capacity
Fst = short-term static holding capacity
I = influence factor for adjusting the soil strength
Rc = redu?tion fa§tor for qetermination of cyclic
loading holding capacity
RI = reduction factor for repeated impulses
If = inertial factor for capacity increase under very

rapid loading

I is determined from Figure 6-1. To use this figure the load duration
of the pulse of concern must be estimated and the general soil charac-
teristics be known or estimated. It is not possible to generalize sea-
floor soil characteristics, but when the undrained shear strength has
been estimated, the curve for normally consolidated, moderately sensi-
tive clays is used. If the impulse load is the first event in an anchor's
history or when cyclic loading is not expected, Rc = 1. However, when
cyclic loads are expected prior to the impulse event, RC is the inverse
of the allowable double amplitude cyclic load expressed as a fraction of
the static short-term capacity as determined in paragraph 6.2.1. RI’
the reduction factor for repeated impulses, can be calculated from:

Ry = 1.33e P E (6-2)
where f = average frequency, in impulses per hour, for a 4-hour
period

The inertial factor, If, should only be applied if the impulse duration is
less than 0.01 second. Values of If can be found directly from
Figure 6-2.

6.1.2 Cohesionless Soils

The impulse loading capacity in cohesionless soil is determined by
the application of factors to the short-term holding capacity.
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NqI
FI = Fst — RC RI If (6-3)
N
q
where FI = impulse loading holding capacity

I short-term holding capacity

N 1 = cohesionless soil holding capacity factor adjusted

4 for impulse loading

iq = cohesionless soil holding capacity factor

RC = reduction factors for determination of cyclic
loading holding capacity

RI = reduction factor for repeated impulse loads

If = inertial factor for capacity increase under very

rapid loading

ﬁq is the same as that used to determine the short-term holding capa-
city (Figure 5-2). NqI is an adjusted Nq basied on the impulse loading
effect on the friction angle, ¢. Values for qu can be obtained from
Figure 5-2 by using the adjusted friction angle, ¢I‘ in place of ¢. q:]

is calculated from:

¢y = Si“-l(l + {If;‘; Zin o) (6-4)
where ¢I = soil impulse adjusted internal angle of friction
¢ = soil internal angle of friction
I = influence factor for adjusting soil strength

Values of I are given in Figure 6-3. Rc, the cyclic loading reduction
factor, is taken as 1 when the impulse load is the first event in an
anchor history or when cyclic loading is not expected. Otherwise Rc is
the inverse of the allowable double amplitude cyclic load expressed as a
fraction of the short-term holding capacity as determined in paragraph
6.2.1. If an impulse is not repeated within 10 minutes, RI = 1. When

the loading is expected to be repeated within 10 minutes
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Figure 6-3. Strength influence factors for cohesionless soils (from
Douglas, 1978).

RI - 2 8-0.116 f (6'5)

where f = number of impulses in 10 minutes
If is used only when the impulse load duration is expected to be 0.01

second or less. When this condition is met, values for the inertial
factor can be found in Figure 6-2.

6.2 CYCLIC LOADING

Cyclic lvads are loads of less than 1-minute duration applied in a
repetitive manner. They result primarily from wave-induced forces,

cable strumming, and earthquake loading. Waves induce cyclic loads by
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their action on surface or subsurface moored objects. The frequencies
of these loads are usually at the frequency of the waves; typically 0.05
to 0.15 Hertz. Cable strumming is caused by currents passing a rela-
tively taut cable. The cyclic loads from cable strumming are low magni-
tude and can be ignored when using the procedures of this report.
Earthquake loading differs from the previous two cases in that the
entire soil mass is loaded rather than just the anchor fluke and adjacent
soil. This special type of cyclic loading is covered in Section 6.3.

Cyclic loads must have a double amplitude greater than 5% of the
quasi-static anchor capacity to be of concern from a cyclic capacity
design standpoint. Cyclic loads below this threshold can be ignored.

Cyclic loads are characterized by a pure cyclic loading component
superimposed on a quasi-static loading component. Cyclic and static
magnitudes are expressed as percentages of the static anchoer holding
capacity. Figure 6-4 gives an example of cyclic loading where the
quasi-static load component is 20% of the static capacity and the double
amplitude cyclic load component is 40% of the static capacity.

Two additional characterizations concern the number of load cycles.
One, the total number of load cycles in the anchor's lifetime, D, is
used in evaluating cyclic creep potential. The other, the number of

cycles, ne, that occur in a period, t marked by low excess pore-

pressure dissipation is used to evalu:ti strength loss or liquefaction
failure potential. Cyclically loaded anchors are designed to preclude
failures from creep or liquefaction. Creep failure is an accumulation of
small movements that reduce anchor depth and, hence, capacity until
pullout occurs. A liquefaction-like failure is characterized by soil
strength loss and sudden anchor instability.

The above guidance is straightforward when the cyclic loads are of
relatively uniform magnitude or when a major portion of the cyclic load
(one-third) is relatively uniform and significantly larger (50%) than the
rest. For cases where distribution of cyclic loads is not uniform and
exhibits extreme values, a different approach is required. In general,
for these cases, the loading spectrum can be broken into segments of

loads of relative uniformity. These segments can be characterized by
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their quasi-static load, the superimposed double amplitude cyclic load,

and the cumulative number of load cycles at or greater than the given

cyclic load.
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Figure 6-4. Examples of cvche loading.

The design procedures that follow were developed by Herrmann
(1980). The procedures incorporate a number of conservative assump-
tions and "worst case" wvalues in obtaining the limiting conditions.
Because of this, lower factors of safety are allowable. Whereas values
of 2 to 3 were recommended for static cases, for similar conditions,
values of 1.25 to 1.75 are recommended for cyclic load conditions.
These factors are to be applied to the loads, not to the number of

cycles.
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6.2.1 Strength Loss During Anchor Cyclic Loading

Some soils, such as uniform fine sand, coarse silts, and some clean
oozes, are susceptible to true liquefaction failure when subjected to
cyclic loads. These soils are excluded from the prediction procedures
that follow. Recommendations for these soils are given by Herrmann
(1980) (to be published). Most other soils, including very plastic
cohesive soils, are subject to strength loss, especially from extended
cyclic loading. In general, denser soil, more plastic soil, and lower
cyclic loads lead toward lower susceptibility to strength loss.

For all soils, the loading is characterized using the above defini-
tions and Figure 6-5 to determine tcd from the soil's permeability. The
d is found, and limit-

ing design bounds as a function of soil type are then established using

number of load cycles during a period equal to tc

Figure 6-6. Figure 6-6 can be used to find the limiting number of
cycles for a given loading or the limiting loading for a given number of
cycles. The upper bounds apply to cases where the average quasi-
static load is 1/3 or less of the static holding capacity. For the unlike-
ly case where the average quasi-static load is greater than 1/3 of the
static holding capacity, the excess is added to the double amplitude
cyclic load prior to using Figure 6-6.

6.2.2 Cyclic Creep During Anchor Cyclic Loading

The mechanism leading to cyclic creep of an embedment anchor is
not well understood but is known to occur under loading conditions that
in some cases are quite safe relative to the criteria for cyclic strength
loss presented in the preceding section. For cyclic creep considera-
tions, the number and magnitude of significant loading cycles occurring
during the lifetime of an anchor are controlling factors. They should
be summarized in spectral or quasi-spectral format. The number of
significant loading cycles may not be as large as one would expect. If,
for example, a mooring system has a planned 20-year life, is continu-

ously in use, and is subjected to strong wave loading during ten 3-day

storms per year, then the total number of significant cyclic loads will
likely be less than 1 million.
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The established criteria for maximum cyclic loading are presented
in spectral format in Figure 6-7. Criteria are presented for two cate-
gories of soil type. The more restrictive criterion applies to few sites
for which these guidelines are applicable, as most such sites are
excluded as hazardous sites as defined in an earlier chapter. The
criteria established in Figure 6-7 are applicable to cases where the
average quasi-static load is less than 20% of static anchor capacity.
For cases when this static load is exceeded, the portion above 20%
should be singly added to the double amplitude cyclic load and the
analysis continued. This requirement is quite restrictive for longer life
anchor systems subjected to significant and long-term cyclic loading;
however, cyclic creep of anchors is not well understood and until
further data are available, this relatively conservative approach is
recommended.

6.3 EARTHQUAKE LOADING

Earthquakes cause loads (usually at a frequency of about 2 Hertz
and with 10 to 30 significant loading cycles depending upon the magni-
tude of the earthquake) that differ from the preceding category in that
the cyclic loading is induced relatively uniformly in the entire soil mass
by the earthquake energy emanating from the epicenter. The geo-
graphical locations of past major earthquakes, and thus likely future
ones, are illustrated in Figure 6-8. The maximum accelerations induced
in the soil mass by major earthquakes are a function of the earthquake
magnitude and the distance of the site from the earthquake epicenter,
or more precisely from the causative fault zone. Predictions of these
accelerations are summarized in Figure 6-9.

A major earthquake centered within 60 km (100 miles) of an anchor
can temporarily reduce the anchor capacity relative to all types of
loads. This possibility exists only for relatively clean, granular soils
(granular soils with few fines - clay size or fine silts). Cohesive soils
do not lose any significant amount of strength (relative to anchor

capacity) in the 30 or less significant loading cycles associated with
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Figure 6-9. Maximum acceleration associated with earthquakes of various
magnitudes (from Sced et al., 1969).

major earthquakes. While the shear in the soil may be increased, the
effect on anchor capacity is unknown. A granular soil's susceptibility
to strength reduction during an earthquake is primarily a function of
its descriptive relative density (i.e., loose, dense), and partially a
function of soil depth. The criteria for liquefaction are given in
Figure 6-10 for two peak acceleration levels. Interpolation or limited
extrapolation can be used to assess stability at a site based on the
exact value of peak acceleration determined from Figure 6-9. Condi-
tions should be assessed at the depth of the keyed anchor and just

above it. If analysis of a site and its expected earthquake indicates
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that liquefaction is very likely, the site is hazardous to an extent. In
this situation, if the anchor is loaded in any manner during the earth-
quake (such as with a subsurface buoy) or within a time of about 0.2
tcd (Figure 6-5) immediately following the earthquake, the anchor will
likely fail.

value of t
c

For soils that will liquefy under earthquake loading, the
d is typically quite short - a matter of minutes at most.
Situations that classify as potentially liquefiable are potentially hazar-
dous in the same manner. Factors of safety relative to the anchor load
or anchor capacity are meaningless in this type of earthquake loading
as the entire soil mass is in a state of failure when liquefaction occurs.
For anchors that are loaded for a significant percentage of the time in
areas prone to major earthquakes, site conditions which indicate a
potential or likelihood for liquefaction should be avoided. For applica-
tions having a lower consequence of failure, the possibility (typically a
low probability over the lifetime of an embedment anchor system) of a
major earthquake in the vicinity and the resultant possiblity of an

anchor failure may be acceptable.
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7. SAMPLE PROBLEMS

Two sample problems are provided in this section as a guide. One

problem is for an anchor in cohesive soil and the other for an anchor in

cohesionless soil. Each step in the solution is referenced to the appro-

priate paragraph of this report.

7.1 COHESIVE SOIL

A CEL 20K propellant-embedded anchor with a 0.9 x 0.9-meter
(3 x 3-ft) clay fluke is to be installed 1,100 km (700 miles) east of the
Hawaiian Islands at a water depth of 5,500 meters (18,000 ft). It will
be used to moor a subsurface buoy about 60 meters (200 ft) below the
water surface for a period of several years. The installation procedure
will result in a single impulse load of between 0.01 and 0.1 second
duration.  Cyclic loading will not be applied to the anchor. The
remoteness of the site precludes a site survey. What is the maximum
allowable lift of the buoy assuming a neutrally buoyant line is used in
the mooring? What is the holding capacity for an impulse loading?

7.1.1 Site Properties

Because a site survey cannot be conducted, the procedures of
paragraph 2.3 (specifically paragraph 2.3.4(2)) are utilized to estimate
soil properties.

The site is in the deep ocean. The calcite compensation depth
(CCD) needs to be checked to determine whether the soil is pelagic clay

or calcareous ooze. From Figure 2-2, the CCD is found to be 4.5 km
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(14,700 ft). The site at 5.5 km (18,000 ft) is below the CCD; there-
fore, the soil is probably pelagic clay. Typical properties are given by
Figure 2-7. A mid-range value is chosen as adequate factors of safety
will be included later.

7.1.2 Hazardous/Unusual Conditions

None of the examples in paragraph 2.4 apply. The site does not
present any hazardous/unusual conditions.

7.1.3 Penetration

Penetration into cohesive soils is covered by paragraph 3.1. A
tabulation of penetration depths for each CEL propellant-embedded
anchor for each typical soil profile of paragraph 2.3.4 is given in
Table 3-1. From Table 3-1, penetration of the 20K anchor clay fluke in
the lower bound and upper bound pelagic clay is found to be 14.3
meters (47 ft) and 11.3 meters (37 ft), respectively. For a mid-range

soil profile, Dp is midway between these values, or 12.8 meters (42 ft).

7.1.4 Fluke Keying

Using Equation 4-1 from paragraph 4.1:

D = D -21L 4-1
b (4-1)

12.8 - (2)(0.9)

11 m (36 ft)

7.1.5 Static Holding Capacity

The short-term static holding capacity in cohesive soil is calculated
from Equation 5-1 in paragraph 5.1.1:
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F, = AN_s £(0.84+ 0.16 B/L) (5-1)
where s, = 20.7 kPa (3.0 psi or 432 psf) (Figure 2-7)
= 0.7 (paragraph 5.1.1)
B = 0.9m
L = 09m
A = BxL =0.81 m?
D/B = 11/0.9 = 12
ﬁc = 15 (Figure 5-1)
Therefore,
F, = 0.81(15)(20.7)(0.7)[0.84 + 0.16(0.9/0.9)]

H

176 kPa-m® = 176 kN (39,600 1b)

Because the anchor will be in service for several years under
sustained loading from the subsurface buoy, the long-term static capa-
city must be checked. The long-term capacity is calculated from
Equation 5-3 in paragraph 5.2.1. Because the soil is loose (soft), the
drained strength parameters are used in Equation 5-3.

- t N N _
Fp, = A (c Nl + ¥ D Nq) (0.84 + 0.16 B/L) (5-3)

where (2/3)ct = (2/3)(3.5 kPa) = 2.3 kPa (48 1b/ft?)
(Figure 2-7 and paragraph 5.2.1)

ﬁé = 9 (Figure 5-3)
Y, = 380 kg/m3 (24 1b/ft3) (Figure 2-7)
tan-](2/3 tan ¢) = tan-l(2/3 tan 35°) = 25 degrees
(Figure ¢£-7 and paragraph 5.2.1)
ﬁq = 6 (Figure 5-2)
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Therefore,

"
[}

ot 0.81[(2.3)(9) + (380)(11)(6)]{0.84 + 0.16(0.9/0.9)]

0.81 (20.7 + 25,080)(0.0098) = 17 kN + 199 kN

216 kN (48,600 1b)

The short-term holding capacity is the governing static condition
since it is less than the long-term static holding capacity. Applying
the factor of safety (3) recommended (paragraph 5.1) when properties
are not well known, the allowable static load is found to be:

Allowable static load = 176/3 = 58.7 kN (13,200 1b)

7.1.6 Impulse Loading Holding Capacity

The impulse -l\oading holding capacity is determined from
Equation 6-1 in paragraph 6.1.1.
\.

\\

N

F, = F TR R I. (6-1)
where F,, = 176 kN (40,600 1b)
) I = 2 from Figure 6-1 for a load duration between 0.01 and
- 0.1 second and a normally consolidated, moderately
o sensitive clay
\\‘
Rc =_ 1 (paragraph 6.1.1)
N\ -1.15 f
RI = 1\%3 e (6-2)
f = aver§g¢ frequency, impulses per hour, over a
4-hour “span
R, = 1.33 e 118(0:25) )
If = not used be;:E§¢ impulse duration >0.01 second
AN
N
Therefore, \
’ N
F, = 176(2)(1)(1) = 352 kN (79,f0Q\1b)
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Using the recommendations for factor of safety (same as for static

conditions)

Allowable impulse load = 352/3 = 117 kN (26,300 1b)

7.1.7 Solution Summary

The allowable short-term static holding capacity is less than the
allowable long-term static holding capacity and is, therefore, the gov-
erning condition. The allowable load is also the maximum allowable lift

of the subsurface buoy.
Allowable static load = 58.7 kN (13,200 1b)

The allowable impulse load for a duration of between 0.01 and 0.1

second is

Allowable impulse load = 117 kN (26,300 1lb)

7.2 COHESIONLESS SOIL

A CEL 100K propellant-embedded anchor is to be installed in a
sand seafloor to moor a large surface buoy. The 0.75 x 1.5-meter
(2.5 x 5-ft) sand fluke will be used. The sand has been thoroughly
tested and found to be well-graded, have an angle of internal friction
of 35 degrees, be of medium density (yb = 880 kg/m3; 55 pef), and
have a permeability of 1 x 10'3 cm/sec (3 x 10.5 ft/sec). The anchor
is scheduled to be used for 2 years. Impulse loading is not expected,
but passing storms will generate cyclic load conditions. The worst
storm is expected to create 30,000 loading cycles at about 8-second
intervals. In addition, each of 15 smaller storms each year is expected
to create about 20,000 loading cycles. The site is located about 40 km
(25 miles) from an active earthquake fault zone with a maximum ex-
pected earthquake of magnitude 7. To assist the mooring designer,
determine the static holding capacity and provide analysis of the dy-

namic loading limits or effects.

65




7.2.1 Site Properties

The site properties are given as:

Internal friction angle 35 degrees
880 kg/m3 (55 pcf)

1 x 10-3 cm/sec (3 x 10"5 ft/sec)

Unit buoyant weight

Permeability

7.2.2 Hazardous/Unusual Conditions

Since none of the examples of paragraph 2.4 seem to apply, it is

assumed that there are no hazardous/unusual conditions.
7.2.3 Penetration

Penetration into cohesionless soils is covered by paragraph 3.2.
For the CEL propellant-embedded anchors, a tabulation of embedment

depths is given for a range of sand densities. From Table 3-2, Dp for
a medium dense sand is found to be about 7 meters (23 ft).

7.2.4 Fluke Keying

Using Equation 4-2 from paragraph 4.2

o
1]

D -151L (4-2
b )

7 - (1.5)(1.5)

"

4.8 m (15.7 ft)

7.2.5 Static Holding Capacity

Short-term static holding capacity is calculated using Equation 5-2
from paragraph 5.1.2.
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F, = Ay D ﬁq(o.sa + 0.16 B/L) (5-2)
where B = 0.75 m (2.5 ft)
L = 1.5m (5 ft)
A = BxL=1.13m% (12.2 ft?)
Y, = 880 kg/m® ( 55 1b/ft?)
D = 4.8 m (15.7 ft)
D/B = 6.3
ﬁq = 18 (Figure 5-2)
Therefore,
F, = 1.13(880)(4.8)(18)(0.84 + 0.16(0.75/1.5)]

= 775 kN (174,000 1b)

No distinction is made between long- and short-term static capacity in

sand; therefore:

Flt = 775 kN (174,000 1b)

Applying the factor of safety recommended when soil properties are well

known,

Allowable static load = 775/2 = 388 kN (87,000 1b)

7.2.6 Cyclic Loading

7.2.6.1 Strength Loss During Cylic Loading. Following the

procedures of paragraph 6.2.1, t is found from Figure 6-5 to be

cd
about 50 seconds for the permeability and anchor width given. With an

8-second period, about seven cycles are applied in the period tcd'
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Entering Figure 6-6 with seven Joad cycles and using :-he curve for
medium density soils, the double amplitude cyclic load is found to be
about 43% of static capacity or 333 kKN (43% of 775 kN) (74,900 lb).
This limit applies when the quasi-static load does not exceed one-third
of the static capacity or 258 KN (775 kN/3) (58,000 lb). Applying a
factor of safety of 1.25 to the determined double amplitude cyclic and
the quasi-static loads as recommended in paragraph 6.2, the allowable
double amplitude cyclic component is 266 kKN (333/1.25) (59,900 lb) on a
206-kN (258/1.25) (46,400-1b) quasi-static load.

7.2.6.2 Cyclic Creep. Cyclic creep is determined from paragraph
6.2.2 and Figure 6-7. Over the two-year life of the anchor, 630,000
loading cycles (nT = 30,000 + (15)(2)(20,000)) are expected. From
Figure 6-7 for denser granular soils, the double amplitude cyclic load
allowed is found to be 28% of the allowable short-term holding capacity
or 217 KN (28% of 775 kN) (48,800 1b). The value applies when the
quasi-static load component is less than 20% of the static holding capa-
city or 155 kKN (20% of 775 kN) (34,800 1b). Applying the recommended
factor of safety (1.25; paragraph 6.2) to the double amplitude cyclic
and quasi-static loads, the allowable loads for creep are a 174-kN
(217/1.25) (39,000-1b) cyclic component on a 124-kKN (155/1.25)
(27,900-1b) quasi-static load.

7.2.6.3 Earthquake Loading. Procedures for determining the

effects of earthquake loading are given in paragraph 6.3. Using
Figure 6-9, the maximum acceleration at the site is found to be about
0.15g for the 40-km (25-mile) earthquake fault distance and magnitude
7.5 earthquake given. Next, Figure 6-10 is entered using this accel-
eration, the depth of the anchor (4.8 m; 15.7 ft), and the relative soil
density (medium dense). Using Figure 6-10a for 0.15g ground accelera-
tion, it is noted that for the soil and depth given, liquefaction potential
borders between very unlikely and possible.
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7.2.7 Solution Summary

Allowable static load

Allowable cyclic loading
for an 8~second loading period

Allowable cyclic creep loading
for 630,000 cycles

Earthquake susceptibility
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388 kN (87,000 1b)

266-kN (59,900-1b) cyclic
component on a 206-kN
(46,400-1b) quasi-static load

174-kN (39,000-1b) cyclic
component on a 124-kN
(27,900-1b) quasi-static load

liquefaction potential borders
between very unlikely and
possible
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LIST OF SYMBOLS

Projected fluke area
Penetrator frontal area
Penetrator side area
Fluke width or diameter
Soil cohesion intercept

Soil cohesion to be used for
loose cohesive soils

Inertial drag coefficient
Empirical soil strain rate
factor

Depth of embedment of fluke
Penetration depth
Correction factor to account
for soil disturbance

Number of impulses in a
specified time frame

Impulse loading holding
capacity

Long-term static holding
capacity

Short-term static holding
capacity

Inertial drag force
Bearing component force
Side adhesion force

Depth of earthquake epicenter

Subscript for the ith
increment

Influence factor for adjusting
soil strength

Inertial factor to use for
capacity increase for very
rapid loading

Fluke length or diameter
Penetrator mass
Penetrator effective mass

Number of loading cycles
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Total number of loading cycles
in an anchor's lifetime
Short-term holding capacity
factor in cohesive soll
Long-term holding capacity
factor in cohesive soil

Holding capacity factors for
drained or frictional condition
Cohesionless soil holding

capacity factor adjusted for
impulse loading

Reduction factor to use for
determining cyclic loading I
holding capacity

Reduction factor to use for
repeated impulses

Soil undrained shear strength

Empirical maximum soil strain
rate

Soil sensitivity
Penetrator thickness

Time required for dissipation/
redistribution of most excess
pore water pressurce in anchor
fluke vicinity

Penetrator velocity
Penetrator volure
Penetrator weight
Penetrator buoyant weight
Depth in soil

Half-angle ~f the penetrator
tip

Soil total unit weight

Soil buoyant unit weight

Side adhesion factor
Soil mass density

Soil internal friction angle

Soil impulse adjusted internal
friction angle
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NAVSTA CO Naval Station, Mayport FL; CO Roosevelt Roads P.R. Pucrto Rico; Engr. Dir., Rota Spain;
Long Beach, CA; Maint. Div. Dir/Code 531, Rodman Canal Zone; PWD (LTJG.P.M. Motolenich), Puerto
Rico; PWO Midway Island; PWO, Keflavik Iceland; PWO, Mayport FL; ROICC, Rota Spain; SCE, Guam;
SCE, San Diego CA: SCE, Subic Bay, R.P.; Utilities Engr Off. (A.S. Ritchie), Rota Spain

NAVSUPPACT CO, Seattle WA

NAV'STA Code 4, 12 Marine Corps Dist, Treasure Is., San Francisco CA

NAVSUPPACT Code 413, Scattle WA; LTIG McGarrah, SEC, Vallejo, CA

NAVSTA\Security Offr, San Francisco, CA

NAVSUREWPNCEN PWO, White Oak, Silver Spring, MD

NAVTECHTRACEN SCE, Pensacola FL

NAVWPNCEN "Code 2636 (W. Bonner), China Lake CA; PWO (Code 26), China Lake CA; ROICC (Code
702), China Lake CA

NAVWPNSTA Code 092, Colts Neck NJ

NAVWPNSTA PW Office (Code 09C1) Yorktown, VA

NAVWPNSTA PWO. Scal Beach CA

NAVWPNSUPPCEN Code 09 Crane IN

NCBU 405 OIC, San Dicgo, CA

NCBC Code 10 Davisville, RI; Code 155, Port Hueneme CA; Code 156, Port Hueneme, CA; PW Engrg,
Gulfport MS

NCBU 411 OIC, Norfolk VA

NCR 20, Commander

NMCB 5, Operations Dept.; 74, CO; Forty, CO; THREE, Operations Off.

NOAA Library Rockville, MD

.NORDA Codc 410 Bay St. Louis, MS; Code 440 (Ocean Rsch Off) Bay St. Louis MS; Code 500, Bay St. Louis,

MS

NRL Code 8400 Washington, DC; Code 844! (R.A. Skop), Washington DC; Rosenthal, Code 8440, Wash. DC

NSC Code 54.1 (Wynne), Norfolk VA

NSD SCE, Subic Bay, R.P.

NUCLEAR REGULATORY COMMISSION T.C. Johnson, Washington, DC

NUSC Code 131 New London, CT; Code EAI23 (R.S. Munn), New London CT; Code $332, B-80 (J. Wilcox);
Code TA131 (G. Dec la Cruz), New London CT

OCEANAYV Mangmt Info Div., Arlington VA

OCEANSYSLANT LT A.R. Giancola, Norfolk VA

OFFICE SECRETARY OF DEFENSE OASD (MRA&L) Pentagon (T. Casberg), Washington, DC
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ONR (Dr. E.A. Silva) Arlington, VA: Central Regional Office, Boston, MA; Code 481, Arlington VA; Code
481, Bay St. Louis, MS; Code 700F Arlington VA; Dr. A. Laufer. Pasadena CA

PHIBCB 1 P&E, Coronado, CA

PMTC Code 3144, Point Mugu, CA; Code 3331 (S. Opatowsky) Point Mugu, CA; EOD Mobile Unit, Point
Mugu, CA; Pat. Counsel, Point Mugu CA

PWC (Lt E.S. Agonoy) Pensacola, FL; ACE Office (LTJG St. Germain) Norfolk VA; CO Norfolk, VA; CO,
(Code 10), Oakland, CA; CO, Great Lakes IL; Code 10, Great Lakes, IL; Code 120, Oakland CA; Code
120C, (Library) San Diego, CA; Code 128, Guam; Code 154, Great Lakes, IL; Code 200, Great Lakes IL;
Code 220 Oakland, CA; Code 220.1, Norfolk VA; Code 30C, San Diecgo, CA; Code 400, Great Lakes, IL;
Code 400, Oakland, CA; Code 400, Pearl Harbor, HI; Code 400, San Diego, CA; Code 420, Great Lakes,
IL; Code 420, Oakland. CA; Code SOSA (H. Wheeler); Code 610, San Diego Ca; Code 700, Great Lakes,
IL; Code 700, San Diego, CA; LTJG J.L. McClaine, Yokosuka, Japan; Library, Subic Bay, R.P.; Uitilities
Officer, Guam; XO (Code 20) Oakland, CA '

SPCC PWO (Code 120) Mechanicsburg PA

UCT TWO OIC, Norfolk, VA; OIC, Port Hueneme CA

U.S. MERCHANT MARINE ACADEMY Kings Point, NY (Reprint Custodian)

US DEPT OF INTERIOR Burcau of Land MNGMNT - Code 733 (T.E. Sullivan) Wash, DC

US GEOLOGICAL SURVEY (H Lec) Menlo Park, CA; (J Booth) Off of Marine Geol, Corpus Christi, TX;
Off. Marine Geology. Pitcleki, Reston VA

US NATIONAL MARINE FISHERIES SERVICE Highlands NY (Sandy Hook Lab-Library)

US NAVAL FORCES Korea (ENJ-P&O)

USCG (G-ECV) Washington Dc; (G-MP-3/USP/82) Washington Dc; (Smith), Washington, DC; G-EOE-4/61 (T.
Dowd), Washington DC

USCG R&D CENTER CO Groton, CT; D. Motherway, Groton CT

USDA Forest Service, San Dimas, CA

USNA Civil Engr Dept (R. Erchyl) Annapolis MD; Naval Sys Engrng (CDR R Erchul) Annapolis, MD; Ocean
Sys. Eng Dept (Dr. Monney) Annapolis, MD; PWD Engr. Div. (C. Bradford) Annapolis MD

AMERICAN UNIVERSITY Washington DC (M. Norton)

CALIF. DEPT OF NAVIGATION & OCEAN DEV. Sacramento, CA (G. Armstrong)

CALIF. MARITIME ACADEMY Vallejo, CA (Library)

CALIFORNIA INSTITUTE OF TECHNOLOGY Pasadena CA (Keck Ref. Rm)

CALIFORNIA STATE UNIVERSITY LONG BEACH, CA (CHELAPATI); LONG BEACH, CA (YEN)

CATHOLIC UNIV. Mech Engr Dept, Prof. Niedzwecki, Wash., DC

COLORADO STATE UNIV., FOOTHILL CAMPUS Fort Collins (Nelson)

CORNELL UNIVERSITY (Dr. D.A. Sangrey) Dept of Civ & Env Engrng, Ithaca NY; (Kulhawy) Ithaca, NY;
Ithaca NY (Serials Dept, Engr Lib.)

DAMES & MOORE LIBRARY LOS ANGELES, CA

DUKE UNIV MEDICAL CENTER B. Muga, Durham NC: DURHAM, NC (VESIC)

FLORIDA ATLANTIC UNIVERSITY Boca Raton FL (W. Tessin); Boca Raton, FL (McAllister)

FLORIDA TECHNOLOGICAL UNIVERSITY ORLANDO, FL (HARTMAN)

GEORGIA INSTITUTE OF TECHNOLOGY Atlanta GA (B. Mazanti)

INSTITUTE OF MARINE SCIENCES Morchead City NC (Director)

IOWA STATE UNIVERSITY Ames IA (CE Dept. Handy)

WOODS HOLE OCEANOGRAPHIC INST. Woods Hole MA (Winget)

KEENE STATE COLLEGE Keene NH (Cunningham)

LEHIGH UNIVERSITY BETHLEHEM, PA (MARINE GEOTECHNICAL LAB., RICHARDS); Bethichem
PA (Fritz Engr. Lab No. 13, Beedle); Bethichem PA (Linderman Lib. No.30, Flecksteiner)

MAINE MARITIME ACADEMY CASTINE, ME (LIBRARY)

MICHIGAN TECHNOLOGICAL UNIVERSITY Houghton, MI (Haas)

MIT Cambridge MA; Cambridge MA (Rm 10-500, Tech. Reports, Engr. Lib.); Cambridge MA (Whitman)

NATL ACADEMY OF ENG. ALEXANDRIA, VA (SEARLE, JR))

NORTHWESTERN UN{V Z.P. Bazant Evanston IL

NY CITY COMMUNITY COLLEGE BROOKLYN, NY (LIBRARY)

NYS ENERGY OFFICE Library, Albany NY

OREGON STATE UNIVERSITY (CE Dept Grace) Corvallis, OR: CORVALLIS, OR (CE DEPT, BELL);
Corvalis OR (School of Oceanography)

PENNSYLVANIA STATE UNIVERSITY STATE COLLEGE. PA (SNYDERY; State College PA (Applied
Rsch Lab); UNIVERSITY PARK, PA (GOTOLSKI)
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PURDUE UNIVERSITY Lafayette IN (Leonards); Lafayette, IN (Altschaeffl); Lafayette, IN (CE Engr. Lib)

SAN DIEGO STATE UNIV. 1. Noorany San Diego, CA; Dr. Krishnamoorthy, San Diego CA

SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA, CA (ADAMS)

SEATTLE U Prof Schwaegler Scattle WA

SOUTHWEST RSCH INST King, San Antonio, TX; R. DeHart, San Antonio TX

STANFORD UNIVERSITY Engr Lib, Stanford CA

STATE UNIV. OF NEW YORK Buffalo, NY; Fort Schuyler, NY (Longobardi)

TEXAS A&M UNIVERSITY College Station TX (CE Dept. Herbich); W R Bryant College Station TX: W.B.
Ledbetter College Station, TX

UNIVERSITY OF CALIFORNIA BERKELEY, CA (CE DEPT, GERWICK); BERKELEY, CA (CE DEPT,
MITCHELL); Berkeley CA (Dept of Naval Arch.); Berkeley CA (E. Pearson); DAVIS, CA (CE DEPT,
TAYLOR); LIVERMORE, CA (LAWRENCE LIVERMORE LAB, TOKARZ); La Jolla CA (Acq. Dept,
Lib. C-075A); M. Duncan, Berkeley CA; SAN DIEGO, CA, LA JOLLA, CA (SEROCKI)

UNIVERSITY OF CONNECTICUT Groton CT (Inst. Marine Sci, Library)

UNIVERSITY OF DELAWARE Newark, DE (Dept of Civil Engineering, Chesson)

UNIVERSITY OF HAWAII HONOLULU, HI (SCIENCE AND TECH. DIV.); Occan Engrng Dept

UNIVERSITY OF ILLINOIS Metz Ref Rm, Urbana IL; URBANA, IL (DAVISSON); URBANA, IL
(LIBRARY); URBANA, IL (NEWMARK); Urbana IL (CE Dept, W. Gamble)

UNIVERSITY OF MASSACHUSETTS (Heronemus), Amherst MA CE Dept

UNIVERSITY OF MICHIGAN Ann Arbor MI (Richart)

UNIVERSITY OF NEBRASKA-LINCOLN Lincoln, NE (Ross Ice Shelf Proj.)

UNIVERSITY OF NEW HAMPSHIRE DURHAM, NH (LAVOIE)

UNIVERSITY OF NEW MEXICO J Nielson-Engr Matls & Civil Sys Div, Albuquerque NM

UNIVERSITY OF NOTRE DAME Katona, Notre Dame, IN

UNIVERSITY OF RHODE ISLAND A D Driscoll, Kingston, RI; A. Silva, Kingston, Rl; KINGSTON, RI
(PAZIS): Narragansctt RI (Pell Marine Sci. Lib.); V. Nacci, Kingston, RI

UNIVERSITY OF SO. CALIFORNIA Univ So. Calif

UNIVERSITY OF TEXAS Inst. Marine Sci (Library), Port Arkansas TX

UNIVERSITY OF TEXAS AT AUSTIN Austin TX (R. Olson)

UNIVERSITY OF WASHINGTON Seattle WA (M. Sherif); SEATTLE, WA (APPLIED PHYSICS LAB);
SEATTLE, WA (MERCHANT); SEATTLE, WA (OCEAN ENG RSCH LAB, GRAY); SEATTLE, WA
(PACIFIC MARINE ENVIRON. LAB., HALPERN); Seattle WA (E. Linger); Seattle, WA
Transportation, Construction & Geom. Div

VIRGINIA INST. OF MARINE SCI. Gloucester Point VA (Library)

ALFRED A. YEE & ASSOC. Honolulu HI

AMETEK Offshore Res. & Engr Div

AMSCO Dr. R. McCoy, Erie, PA

ARCAIR CO. D. Young, Lancaster OH

ARVID GRANT OLYMPIA, WA

ATLANTIC RICHFIELD CO. DALLAS, TX (SMITH)

BATTELLE-COLUMBUS LABS (D. Hackman) Columbus, OH

BECHTEL CORP. SAN FRANCISCO. CA (PHELPS)

BETHLEHEM STEEL CO. Dismuke, Bethelechem, PA

BOUW KAMP INC Berkeley

BRAND INDUS SERV INC. J. Buchler, Hacienda Heights CA

BRITISH EMBASSY Sci. & Tech. Dept. (J. McAuley), Washington DC

BROWN & CALDWELL E M Saunders Walnut Creek, CA

BROWN & ROOT Houston TX (D. Ward)

BUENA ENGINEERS R. Brannen Ventura CA .

R ] BROWN ASSOC H. Chang, Houston, TX

CANADA Can-Dive Services (English) North Vancouver; Library, Calgary, Alberta; Lockheed Petro. Serv.
Ltd, New Westminster B.C.; Lockheed Petrol. Srv. Ltd., New Westminster BC; Mem Univ Newfoundland
(Chari), St Johns; Nova Scotia Rsch Found, Corp. Dartmouth, Nova Scotia; Nova Scotia Technical College
{Meyerhof) Halifax; Ontario Hydro (Adams) Toronto; Surveyor, Nenninger & Chenevert Inc., Montreal;
Trans-Mnt Oil Pipe Lone Corp. Vancouver, BC Canada; U of Western Ontario (Dr. R.K. Rowe) London;
Warnock Hersey Prof. Stv Ltd, La Sale, Quebec

CHEVRON OIL FIELD RESEARCH CO. LA HABRA, CA (BROOKS)

COLUMBIA GULF TRANSMISSION CO. HOUSTON, TX (ENG. LIB))
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CONCRETE TECHNOLOGY CORP. TACOMA, WA (ANDERSON)

CONTINENTAL OIL CO O. Maxson, Ponca City, OK

D’APPOLONIA CONSULTING ENGINEERS L. Worth, Houston, TX

DILLINGHAM PRECAST F. McHale, Honolulu HI

DURLACH, O'NEAL, JENKINS & ASSOC. Columbia SC

EVALUATION ASSOC. INC KING OF PRUSSIA, PA (FEDELE)

EXXON PRODUCTION RESEARCH CO Houston, TX (Chao)

FRANCE CNEXO (J Legrand) Brest Cedex; Dr. Dutertre, Boulogne; L. Pliskin, Paris; P. Jensen, Boulogne;
Roger LaCroix, Paris

FURGO INC. B. J. Douglas Long Beach, CA; D G Anderson, Long Beach, CA

GEOTECHNICAL ENGINEERS INC. Winchester, MA (Paulding)

GLIDDEN CO. STRONGSVILLE, OH (RSCH L13)

GOODYEAR AEROSPACE CORP L. Schopp, Akron, OH

GOULD INC. Shady Side MD (Ches. Inst. Div., W. Paul)

GRUMMAN AEROSPACE CORP. Bethpage NY (Tech. Info. Ctr)

HALEY & ALDRICH, INC. Cambridge MA (Aldrich, Jr.)

HONEYWELL, INC. Minneapolis MN (Residential Engr Lib.)

AMODCO ] F Lorentz Los Angeles, CA

ITALY M. Caironi, Milan; Sergio Tattoni Milano; Torino (F. Levi)

LAMONT-DOHERTY GEOLOGICAL OBSERV. Palisades NY (McCoy): Palisades NY (Selwyn)

LIN OFFSHORE ENGRG P. Chow, San Francisco CA

LOCKHEED MISSILES & SPACE CO. INC. L. Trimble, Sunnyvale CA; Sunnyvale CA (Rynewicz);
Sunnyvale, CA (K.L. Krug)

LOCKHEED OCEAN LABORATORY San Diego CA (F. Simpson)

MARATHON OIL CO Houston TX

MARINE CONCRETE STRUCTURES INC. MEFAIRIE, LA (INGRAHAM)

MC CLELLAND ENGINEERS INC A. Mahmoud, Houston, TX; Houston TX (B. McClelland)

MCDONNEL AIRCRAFT CO. Dept 501 (R.H. Fayman), St Louis MO

MEXICO R. Cardenas

MOBIL PIPE LINE CO. DALLAS, TX MGR OF ENGR (NOACK)

MOFFATT & NICHOL ENGINEERS (R. Palmer) Long Beach, CA

MUESER, RUTLEDGE, WENTWORTH AND JOHNSTON NEW YORK (RICHARDS)

NEW ZEALAND New Zealand Concrete Research Assoc. (Librarian), Porirua

NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib.)

NORWAY A. Torum, Trondheim; DET NORSKE VERITAS (Library), Oslo; DET NORSKE VERITAS
(Roren) Oslo; I. Foss, Oslo; J. Creed, Ski; Norwegian Tech Univ (Brandtzaeg), Trondheim

OCEAN ENGINEERS SAUSALITO, CA (RYNECKI) ‘

OCEAN RESDURCE ENG. INC. HOUSTON, TX (ANDERSON)

PACIFIC MARINE TECHNOLOGY Duvall, WA (Wagner)

PORTLAND CEMENT ASSOC. SKOKIE, IL (CORLEY; SKOKIE, IL (KLIEGER); Skokie IL (Rsch & Dev
Lab, Lib.)

PRESCON CORP TOWSON, MD (KELLER)

R J BROWN ASSOC (McKeehan), Houston, TX

RAND CORP. Santa Monica CA (A. Laupa)

RAYMOND INTERNATIONAL INC. E Colle Soil Tech Dept, Pennsauken, NJ

RICHARDSON, EDWARD H. ASSOC, INC. D B Vine, Newark, DE

SANDIA LABORATORIES Dr. R. L. McNeill, Albuquergue NM; Library Div., Livermore CA; Seabed
Progress Div 4536 (D. Talbert) Albuquerque NM

SCHUPACK ASSOC SO. NORWALK, CT (SCHUPACK)

SEATECH CORP. MIAMI, FL (PERONI)

SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.); Houston TX (E. Doyle)

SHELL OIL CO. HOUSTON, TX (MARSHALL); Houston TX (R. de Castongrene); 1. Boaz, Houston TX

SUNBELT ENGRNG CORP R.F, Parker, Houston, TX

SWEDEN GeoTech Inst; VBB (Library), Stockholm

TIDEWATER CONSTR. CO Norfolk VA (Fowler)

TRW SYSTEMS REDONDO BEACH, CA (DAIl)

UNITED KINGDOM A. Denton, London; Cement & Concrete Assoc Wexham Springs, Slough Bucks; D. Lee,
London; D. New, G. Maunsell & Partners, London; Deness, U of Newcastle Upon Tyne; J. Derrington,
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London; Library, Bristol; N. Kerr, Glasgow, Scotland; R. Browne, Southall, Middlesex; R. Rudham
Oxfordshire; Shuw & Hatton (F. Hansen), London; Taylor, Woodrow Constr (014P), Southall, Middlesex:
Taylor, Woodrow Constr (Smith), Southall, Middlesex; U of Sheffield (T H Hanna) Sheffield; Univ. of
Bristol (R. Morgan), Bristol

WESTERN ELECTRIC (F E Dorsch) Greensboro Inc.

WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Oceanic Div Lib, Bryan)

WESTINTRUCORP Egerton, Oxnard, CA

WISS, JANNEY, ELSTNER, & ASSOC Northbrook, IL (D.W. Pfeifer)

WM CLAPP LABS - BATTELLE DUXBURY, MA (LIBRARY); Duxbury, MA (Richards)

WOODWARD-CLYDE CONSULTANTS (A. Harrigan) San Francisco; G Tirey Plymouth Meeting PA;
Houston, TX (Dr. J. Audibert); Orange CA (Dr. K Bushan); PLYMOUTH MEETING PA (CROSS, III)

AL SMOOTS Los Angeles, CA

BARA, JOHN P. Lakewood, CO

BRAHTZ La Jolla, CA

BROWN, ROBERT University, AL

BULLOCK La Canada

CLAUSNER, JAMES Indialantic, FL

F. HEUZE Alamo, CA

LAYTON Redmond, WA

R.F. BESIER Old Saybrook CT

T.W. MERMEL Washington DC

WM TALBOT Orange CA
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